Abstract B lymphocyte stimulator (BLyS) is a cytokine involved in differentiation and survival of follicular B cells along with humoral response potentiation. Lymphopenia is known to precipitate dramatic elevation in serum BLyS; however, the use of this effect to enhance humoral responses following vaccination has not been evaluated. We evaluated BLyS serum levels and antigen-specific antibody titers in 8 patients undergoing therapeutic temozolomide (TMZ)-induced lymphopenia, with concomitant vaccine against a tumor-specific mutation in the epidermal growth factor receptor (EGFRvIII). Our studies demonstrate that TMZ-induced lymphopenia corresponded with spikes in serum BLyS that directly preceded the induction of anti-EGFRvIII antigen-specific antibody titers, in some cases as high as 1:2,000,000. Our data are the first clinical observation of BLyS serum elevation and greatly enhanced humoral immune responses as a consequence of chemotherapy-induced lymphopenia. These observations should be considered for the development of future vaccination strategies in the setting of malignancy.
Introduction
Intentional lymphodepletion, commonly used in patients undergoing T-cell-based immunotherapy, increases serum levels of homeostatic T-cell cytokines (i.e., IL-7 and IL-15), thereby potentiating cellular immune responses [1, 2] . However, intentional lymphodepletion-inducing B-cell homeostatic cytokines to augment humoral responses have not been evaluated. Recent preclinical studies, however, have demonstrated that the provision of B lymphocyte stimulator (BLyS), a homeostatic B-cell cytokine [3] [4] [5] , during vaccination leads to enhanced antibody titers [6, 7] and antibodies with higher affinity [8] .
BLyS, also known as B-cell-activating factor (BAFF), is a cytokine in the tumor necrosis factor superfamily essential for the differentiation and survival of follicular B cells [9, 10] . Regulation of BLyS expression by myeloid cells through homeostatic and inflammatory cytokines (i.e., G-CSF and IFNc) [11, 12] together with BLyS consumption by mature follicular B cells results in constant BLyS serum levels [13] [14] [15] [16] [17] . However, these levels can be augmented upon the induction of lymphopenia through decreased B-cell consumption of BLyS thereby increasing its expression [15, [18] [19] [20] [21] . Consequently, BLyS blockade results in the absence of B-cell rebound, highlighting BLyS' paramount role in B-cell recovery from lymphodepletion [18] .
We have previously demonstrated that patients with glioblastoma (GBM) undergoing vaccination against the tumor-specific epidermal growth factor mutation, EGFRvIII, in the context of temozolomide (TMZ)-induced lymphopenia develop high serum levels of anti-EGFRvIII antibodies [22] . Paradoxically, patients who experience more profound lymphopenia were found to have higher peak titers. This prompted us to analyze the impact of homeostatic increases in BLyS on humoral responses. In patients with GBM undergoing TMZ-induced lymphopenia, we hypothesized that BLyS serum levels would be concomitantly elevated with TMZ-induced lymphodepletion and correlate with antibody titers against EGFRvIII. Thus, we evaluated BLyS serum levels from 8 patients with GBM and correlated these results with peak antibody titers. In this report, we demonstrate that a surge in BLyS serum level precedes the induction of EGFRvIII-specific antibody titers and peak BLyS levels directly correlate with peak antibody titers. These data are the first clinical observation of BLyS' pivotal role inducing humoral immunity after lymphopenia in patients.
Methods

Patient selection and clinical protocol
Adults with newly diagnosed GBM who had gross total resection of their tumor and a Karnofsky Performance Scale (KPS) score of C80 were eligible for vaccination if tumor cells expressed EGFRvIII by immunohistochemistry and they had no radiographic evidence of progression after radiation therapy. The trial design and informed consent were approved by the FDA (under BB-IND-9944) and the local institutional review boards [22] [23] [24] .
After tumor resection and conformal external beam radiotherapy (XRT) with concurrent TMZ at a targeted dose of 75 mg/m 2 , informed consent was obtained. The initial 3 vaccinations of a 13-mer peptide conjugated to KLH were given biweekly starting within 6 weeks of completing radiation [22, 23] . Subsequent vaccines were given until clinical or radiographic evidence of tumor progression or death. Patients were assigned to receive TMZ at a targeted dose of 100 mg/m 2 for the first 21 days of a 28-day cycle (n = 8). Patient's characteristics including BLyS and peak titer information are in Table S1 .
Lymphocyte counts
Absolute lymphocyte counts were quantified by flow cytometry using a direct immunofluorescence, single platform, and FDA-approved method in the clinical laboratory at the primary study center (Duke University) and evaluated at vaccine 1 (pre-prior to any vaccination or TMZ treatment at 100 mg/m 2 ) and at vaccine 6 (post-which occurred after TMZ cycle 3).
Serum collection and processing
Patient sera were collected before and after each vaccine consisting of PEPvIII conjugated to KLH. Blood was drawn into serum blood collection tubes (Vacutainer BD, Franklin Lakes, NJ) and allowed to clot after which time tubes were centrifuged at 2,000g for 10 min. Serum was harvested from tubes, separated into 1 ml aliquots, and stored at -135°C. Samples were collected before every vaccine cycle until tumor recurred.
BLyS ELISA ELISA for human BLyS was performed using Quantikine ELISA for Human BAFF/BLyS/TNFSF13B (Cat #: DBLYS0, R&D Systems Minneapolis, MN). Patient serum was thawed, diluted 1:4 in Calibrator Diluent RD6Q, and submitted to procedure as recommended by manufacturer.
Anti-PEPvIII antibodies ELISA Serum was analyzed using ELISA. A result was considered positive if it was more than twice background. Humoral responses were compared based on maximum titer obtained.
Statistical analysis
A paired t test was used to compare assessments obtained pre-and post-treatment relative to lymphocyte counts/ll of blood and BLyS serum levels. Linear regression was used to assess the association between these variables assuming preand post-measurements were independent. Statistical significance was determined at the level of p \ 0.05. All analyses were conducted using GraphPad Prism, version 5.01.
Results and discussion
Chemotherapy-induced lymphopenia results in elevated serum BLyS levels B lymphocyte stimulator (BLyS) serum levels are tightly regulated and can be altered by extrinsic events such as lymphopenia, and although this has been shown in preclinical murine studies, it has not been evaluated in the clinical setting. The standard of care for GBM involves high-dose TMZ chemotherapy, which has lymphopenia as its major side effect [25] . Therefore, in a cohort of 8 GBM patients undergoing TMZ chemotherapy with concomitant vaccination against the EGFRvIII tumor-specific mutation [22] [23] [24] , we studied whether TMZ-induced lymphopenia increased BLyS serum levels.
As expected, compared with lymphocyte levels prior to treatment, our studies demonstrate significantly decreased circulating lymphocytes in six patients post-therapy (Fig. 1a , p = 0.0296), five of which developed Grade III lymphopenia. Serum analysis pre-and post-treatment revealed elevated BLyS serum levels (with an average twofold increase; Fig. 1b , p = 0.0075) that were inversely related to lymphocyte counts (Fig. 1c , r = 0.6311; p = 0.0116). Therefore, TMZ chemotherapy alone results in decreased lymphocyte counts precipitating BLyS serum level spikes. This is the first clinical evaluation of BLyS levels in patients undergoing lymphodepletive chemotherapy that emphasizes this relationship.
BLyS serum surge precedes peak antibody responses to a vaccine and is positively associated with peak antibody titers Preclinical data have annotated the dynamic relationship between lymphopenia and BLyS serum levels evolving over periods of weeks to months promoting increased antibody titers in circulation [13] . Accordingly, we evaluated BLyS serum levels from 8 GBM patients receiving an EGFRvIII-specific peptide vaccine at various time points during TMZ therapy and demonstrated that peak BLyS serum levels precede the induction of high titer antibodies (Fig. 2a) by 12 weeks (Fig. 2b, p = 0.0055) . Following the peak, BLyS serum levels remained elevated from baseline. Meanwhile, after BLyS levels surge, anti-EGFRvIII antibody titers elevate to very high levels; titers up to 1:2,000,000 were observed.
Based on preclinical murine studies [6] , the magnitude of BLyS levels in circulation could dictate the magnitude of humoral responses. Our data demonstrate that peak BLyS serum levels were directly proportional to peak antiEGFRvIII antibody titers (Fig. 2c , r = 0.8687; p = 0.0051) in GBM patients undergoing vaccination with lymphodepletive TMZ chemotherapy, suggesting that higher BLyS serum levels correlate with higher vaccine-induced antibody titers.
BLyS overexpression stimulates abnormally increased levels of mature follicular B cells, a harbinger for antibodymediated pathology, while under-expression markedly reduces these levels [5, 14] . Our data are the first clinical b BLyS analysis was performed from serum obtained from the periphery from patients and evaluated at vaccine 1 (Pre prior any vaccination or 100 mg/m 2 TMZ treatment) and at vaccine 6 (Post which occurred after TMZ cycle 3; n = 8). Dotted line represents the average serum levels of BLyS in normal donors. c Linear regression was performed with the absolute lymphocyte counts and BLyS serum levels from GBM patients at pre-and post-treatment (r = 0.6311; p = 0.0116). Experiments were performed in duplicate at a minimum. Statistical analysis utilizing paired t test (a and b) and linear regression analysis (c) was performed. *p value B0.05, **p value B0.01 was statistically significant Cancer Immunol Immunother (2013) 62:983-987 985 observation of BLyS' pivotal role in the induction of vaccine-specific humoral immunity upon intentional lymphodepletion. Further evaluation, however, is necessary to discern whether BLyS elevation and lymphopenia act alone or in conjunction with one another to generate supraphysiological vaccine-specific antibodies. Nonetheless, BLyS incorporation into immunotherapeutic regimens may augment humoral immunity requisite of vaccination strategies aimed at inducing high titers of neutralizing antibodies in malignancies in need of superior targeted therapeutic modalities.
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